INTRODUCT ION THE ECONOMETRIC SPECIFICATION AND ESTIMATION of the demand for electricity
have posed a rich set of problems for the econometrician. Early studies recognized that the demand for electricity was derived through the use of energy using durables. Somewhat later it was recognized that the long and short run responses to price changes might differ greatly as households adjusted their appliance portfolios.2 Recently, micro-simulation studies have attempted to model jointly the demand for appliances and the demand for electricity by appliance, termed unit electricity consumption (UEC).3 Within thlis latter context it becomes important to test the statistical exogeneity of appliance dummy variables typically included in demand for electricity equations. If, as the theory would suggest, the demand for durables and their use are r elated decisions by the consumer, specifications which ignore this fact will lead to biased and inconsis- ' . A number of other studies postulate an adaptive adjustment of consumption to long-run equilibrium, which can be attributed to long-run adjustments in holdings of appliances; see Taylor [32] .
3Cross-section studies with this structure are McFadden-Kirschner-Puig [30] , the residential forecasting model of the California Energy Conservation and Development Commnission [5] . and the micro-simulation model developed by Cambridge Systematics/West for the Electric Power Research Institute. 345 tent estimates of price and income elasticities. As these long-run simulations are very costly and important for future energy policy, it would appear useful to test commonly used demand equations for specification error. This problem has been noted and discussed in McFadden, Kirschner, and Puig [30] . The present paper attempts to test this bias using a subsample of the 1975 survey of 3249 households carried out by the Washington Center for Metropolitan Studies (WCMS) for the Federal Energy Administration. Matched with these observations were the actual rate schedules faced by each household. The use of disaggregated data in this form is desirable as we can avoid the confounding effects of either misspecification due to aggregation bias or misspecification due to approximations of rate data.
The demand systems derived below are simultaneous equations with dummy endogenous variables. Functional forms have been chosen which offer relatively easy implementation while maintaining economic consistency between discrete decisions on durable purchase and continuous decisions on usage. We use econometric methods adapted from Heckman [20] . Related studies are the papers by Lee and Trost [26] on housing demand and by Hay [19] on wage earnings.
In Section 2 we discuss and derive a unified model of the demand for consumer durables and the derived demand for electricity. In Section 3 we introduce and estimate a joint water-heat space-heat choice model. In Section 4 we conclude with the estimations and specification tests of demand for electricity equations under alternative assumptions. Variable definitions and constructions are discussed in an Appendix.
UTILITY MAXIMIZING MODELS FOR DISCRETE/CONTINUOUS CHOICE
In this section we specify a unified model of the demand for electricity consistent with discrete appliance choice. Within this model we illustrate several technical points relating to the economic theory of the demand for electricity. Particular functional forms are chosen that attempt to remain within the spirit of previous work in this area. Finally, we indicate the source of the simultaneous equation bias mentioned above.
Economic analysis of the demand for consumer durables suggests that such demand arises from the flow of services provided by durables ownership. The utility associated with a consumer durable is then best characterized as indirect. Durables may vary in capacity, efficiency, versatility, and of course will vary correspondingly in price. Although durables differ, the consumer will ultimately utilize the durable at an intensity level that provides the "necessary" service. Corresponding to this usage will be the cost of the derived demand for the fuel that the durable consumes. The optimization problem posed is thus quite complex. The consumer unit in the spirit of the theory must weigh the alternatives of each appliance against expectations of future use, future energy prices. and current financing decisions.
We first outline several econometric models consistent with utility maximization which could be used to describe appliance choice and electricity consumption. In the present analysis, block rate structure will be ignored, and electricity treated as a commodity available in any quantity at a fixed marginal (= average) price.4 Also, appliance holding decisions will be analyzed as if they are contemporaneous with usage decisions, and do not involve intertemporal considerations -a realistic assumption only if there are perfect competitive rental markets for consumer durables. The approach we use combines the method of development of discrete choice models from conditional indirect utility functions employed in McFadden [29] 5A neoclassical consumer will base appliance purchase, replacement, and retirement decisions on the life-cycle capital and operating costs of alternative appliance portfolios. The first econometric problem in analyzing appliance choice is that the components of life-cycle appliance cost are usually not all observable. A second difficulty is that contemporary energy prices may be a poor indicator of the operating cost expectations of a household. A third, and more fundamental, difficulty in analyzing appliance choice decisions lies in the question of the interaction of supply and demand. These issues are discussed in Dubin [7] . function can be used to construct econometric forms for joint discrete/continuous choice. 6 A second method of obtaining a discrete/continuous demand system is to start from a parametric specification of the UEC equation, treat Roy's identity as a partial differential equation whose solution defines a conditional indirect utility function, and then define the discrete choice probabilities from the indirect utility function. This procedure can be carried through for functions in which UEC levels exhibit some incorme elasticity.
First consider systems in which the UEC equation is linear in income, [31] . In practice some correlation of unobserved variables is likely. For an appliance such as an air conditioner, an unobserved effect which increases the utility of the service supplied by the appliance (e.g., poor natural ventilation in a housing unit) is likely to increase both its probability of selection and its intensity of use. For an appliance such as a water heater, unobserved factors which increase intensity of use (e.g., tastes for hot water clothes washing) are likely to decrease the probability of choosing the electric alternative which has a higher operating to capital cost ratio than the alternative fuel. In either case, ordinary least squares estimation of the UEC equation induces a classical bias due to correlation of an explanatory variable and the equation error.8
In our empirical work, we adopt the specifications (15)-(17) with modifications to accommodate varying climate and household characteristics and employ statistical procedures which are consistent in the presence of the suspect correlation.
A SPACE AND WATER HEAT CHOICE MODEL
Household demand for electricity is determined by choice of space and water heating fuel type. ownership of electrical appliances such as an air conditioner, range, dishwasher, clothes dryer, and color T.V., and the intensity of use of these devices. Table I summarizes typical saturations and UEC's.
Our analysis isolates the space and water heating choice, treating the portfolio of other appliances owned by the household as statistically exogenous. The space and water heating choice is usually associated with selection of a housing unit. This choice is often made at a different point in time than purchase or retrofit decisions on portable appliances, so that a hypothesis of behavioral independence is plausible.
We make the following assumptions on housing market behavior: First, the supply of housing units of each heating fuel type is assumed to be perfectly We have estimated the model (25) using a subsample of 313 households from the 1975 WCMS survey for whom water and space heat were either both electric or both gas. Mixed systems were excluded because of the difficulty of measuring their capital cost. If the logit specification for portfolio choice is correct, then no bias is introduced by restricting analysis to a subset of alternatives; see McFadden [29] . The subsample also eliminated households with missing data; details are given in the Appendix. Table III and that /3 is estimated in the utility scale factor term e-:P.! the elasticities calculated at the means of right-hand side variables are -0.473 for electric water and space heat and +0.144 for gas. For the price of gas, the elasticity is given by the analogue of (27) with 4ej replaced by gas consumption (in KWH equivalents); the elasticity of Pi with respect to the price of gas is where the terms involving estimated probabilities permit a consistent estimate of E(-q I i). Table IV lists the variables included in the estimation of (30) and gives their sample means. Table V gives the ordinary least squares estimates of (30) as well as the estimates from the three procedures outlined above. These procedures utilized a corrected covariance matrix whose form was derived using the methods of Amemiya [2].9
Note that the dependent variable in (33) is net consumption defined above as the difference between annual electricity consumption and "typical electric usage" of appliances which are not included in the modeled portfolio decision. As a consequence, explanatory dummy variables indicating ownership of an electric clothes dryer, electric range, air conditioning system, color television, etc., are excluded from the demand specification.
Using net consumption as the dependent variable follows our definition of the annualized total cost ri. Recall that ri is defined as the operating plus discounted capital cost for alternative i plus the charge for typical fuel usage by appliances 9Dubin [9] presents the form of the corrected covariance matrix for each consistent procedure. Details are available on request. which are not choice specific. The inclusion of this latter cost which is constant across alternatives for each individual cannot have an effect on the coefficient estimates within the logit model. This follows as only the differences in the explanatory variables between alternatives enter the probability calculation. However, the inclusion of this term does imply a specification with net consumption as the dependent variable.
The price and income elasticities implied by the fitted equations are given in Table 4 Table VI. The formula used for the calculation of price elasticity is modified to include the effects of a change in price on the variable net income. Net income is defined simply as the difference between income and annual operating cost in the chosen alternative. The first two sets of elasticities in Table VI are Each of the consistent procedures produced elasticities which are quantitatively similar. Portfolio shifts are the primary contributor to the price sensitivity of average demand calculated from (34).
Comparing the final group of elasticities, we see that the elasticity of income is both smaller than the ordinary least squares estimates and considerably smaller than previous studies have shown. Own price elasticity is larger in magnitude for methods one and three than those given by ordinary least squares. Finally, we note that the cross-elasticity of the demand for electricity with respect to the price of gas (in KWH equivalents) is larger when estimated by consistent procedures one and three compared to the least squares estimates. Again the price sensitivity comes almost entirely from portfolio shift. Based on a qualitative comparison, reasonable point estimates for average demand under the consistent methods would be +0.02 for income elasticity, -0.26 for own price elasticity, and + 0.39 for cross-price-elasticity.
We We wish to thank an anonymous referee for directing our attention to this identity derived in Holly [22] . We should emphasize that the Heckman estimation method embodies specific assumptions regarding the joint distribution of q and e while the instrumental variable and reduced form methods are more robust in this sense. The appropriate degrees of freedom for Wu-Hausman tests using these latter estimation methods is four which is the number of dummies and their interactions whose exogeneity is under test.
The Note: Sample means and definitions for all variables may be found in Table II . The operating cost used in our econometric analysis differed in one minor respect. As discussed in the text it proved useful to add the annual operating cost for base consumption of all other electric using appliances to the space heat operating cost. As this cost is constant across alternatives its inclusion allows one to think of the household as choosing a certain space heat-water heat portfolio as well as the portfolio of all other electric utilizing durables. This latter portfolio of durables is predetermined across the choices we are modelling.
Using the MRI survey we have constructed an electric utilization base rate which depends on the presence of appliance durables measured at their average or base usage rates. Thus, we have defined: Space heating capital costs for each fuel type were available within the WCMS matched data set. These numbers had been calculated using a residential thermal load model developed by Hittman Associates.
